The role of cyclic nucleotides in the regulation of cell division is the subject of much controversy. Three lines of experimental evidence have led to the widely held belief that cyclic AMP acts primarily as a negative regulator in cell division (16) : First, an increase in the intracellular content of cyclic AMP by various means results in inhibition of the multiplication of a variety of cultured cells. Second, the amount of intracellular cyclic AMP is low in growing fibroblasts in culture, but it increases as the cells cease to divide. Third, transformed cells have a lowered cyclic AMP content, the amount of which is independent of the cell cycle.
In contrast, cylcic AMP recently has been shown to play a positive role in the proliferation of a variety of cultured cells : rat Schwann cells (20) , rat liver epithelioid cells (2) , rat pancreatic islet cells (19) , mouse 3T3 cells (18, 21, 22) , mouse lymphocytes (24), a variant of mouse melanoma cells (17) , human mammary epithelial cells (23) , human microvascular endothelial cells (3) , and human and mouse epidermal keratinocytes (4, 15 In some of these studies, cholera toxin, a protein exotoxin of Vibrio Cholerae, was used to increase the amount of intracellular cyclic AMP (3, 4, 15, (18) (19) (20) (21) 23) . The mechanism by which this toxin induces cyclic AMP is now well understood from the results of extensive studies done on intestinal and nonintestinal tissues (6) . The toxin molecule has a molecular weight of 84,000 and consists of two noncovalently linked subunits, A and B. The pentamer of the B unit binds to the membrane receptor, GM1 ganglioside, and the A unit activates adenyl cyclase through mono-ADPribosylation of the GTP-binding protein, thereby increasing the amount of cyclic AMP.
We here show that cholera toxin markedly enhances the growth of human epidermal keratinocytes. Our results indicated that cyclic AMP may act as a mitotic signal for epidermal keratinocytes, but not for dermal fibroblasts. This observation led to the in vivo experiments, published elsewhere (10) , that showed that cholera toxin induces epidermal hyperplasia after synchronous cell division. 
RESULTS
Stimulation of colonial growth of human epidermal keratinocytes by cholera toxin. When fewer than 5,000 cells per 60-mm dish were plated, colonial growth of human epidermal keratinocytes took place only in the presence of a feeder layer (Table 1) . A plating efficiency of 4.2 % was obtained when cells were plated on a layer of lethally irradiated C3H10T1/2 cells, but no colonies formed in the absence of this feeder layer. We also tested mouse and rat embryo fibroblasts and human dermal fibroblasts for possible use as feeder layers. The embryo fibroblasts of rats and mice did not support growth, but some growth was obtained with a feeder layer of human dermal fibroblasts. In the following experiments we therefore used C3H10T1/2 cells for the feeder layer.
The addition of cholera toxin markedly stimulated colonial growth of epidermal cells in the presence of a feeder layer. The plating efficiency increased in a dose-related fashion over a range from 0.01 to 1 nM toxin; with 1 nM toxin a two-fold increase in colony formation was obtained ( Table 2 ). Colonies growing in the presence of the toxin were stained strongly by rhodanile blue.
EGF also increased the number and size of the colonies of epidermal cells. EGF at 5 nM increased the plating efficiency by 40 % (Table 2 ). Colonies formed in the presence of EGF were larger and less stratified and were stained less strongly by rhodanile blue. The colonial growth of the epidermal cells further was stimulated by a combination of cholera toxin and EGF. The colonies formed were as large as those obtained with EGF alone, but the increase in number was 2.8-fold as compared to the 2-fold increase, in the presence of toxin alone and the 1.4-fold increase with EGF alone. Thus, the effects of the toxin and EGF seemed to be additive.
The stimulatory effects of cholera toxin and EGF also were seen with cultures of frozen stocks of skin specimens : many large colonies of epidermal cells formed in the presence of these two growth factors, whereas in their absence only small colonies of fibroblasts formed (Fig. 1) . 1280 pmoles per mg protein, 340-fold the control value. This induction of cyclic AMP was dependent on the dose of toxin (Fig. 6) .
The A or B unit alone of cholera toxin did not induce cyclic AMP ( Table 3 ), evidence that the whole molecule, or the structure of the toxin molecule, is required for this induction.
Cyclic AMP also was induced in dermal fibroblasts by the toxin, the amount reaching a maximum 1 h (HUSKI-10F) or 2 h (HUSKI-8F) after the addition of toxin at 1 nM (Fig. 7) . The maximum value was about 400 pmoles/mg protein, one-third that found for the epidermal keratinocytes. An addition of theophylline at 1 mM increased the amount of cyclic AMP by 67 % with no change in the shape of the curve Fig. 6 . Dose-dependent induction of intracellular cyclic AMP by cholera toxin in human epidermal keratinocytes (HUSKI-46K). Cultures were exposed to cholera toxin for 6 h. of the time-course (data not included). It is notable that cyclic AMP was induced to an equal degree in HUSKI-8F and -10F cells, although the growth responses of these cells to the toxin differed.
DISCUSSION
A stimulatory effect of cholera toxin on the growth of human and mouse epidermal keratinocytes has been reported by Green (4) and Marcelo (15) . Our investigation has extended their results by showing that cholera toxin stimulated the epidermal cells only when their growth was limited ; that this stimulatory effect was specific to epidermal cells ; that the epidermal cells had a membrane receptor for the toxin ; and that cyclic AMP was induced markedly by cholera toxin in both epidermal and dermal cells.
Cholera toxin has this effect with epidermal keratinocytes, and with other types of cells as well: rat Schwann cells (20) , 3T3 cells (18, 21) , human dermal microvessel endothelial cells (3), and human mammary epithelial cells (23) . A common feature of these cells is their epithelial nature. This suggests that cholera toxin stimulates the growth of certain types of epithelial or epitheloid cells including the vascular endothelium. The 3T3 cells attached to the substrate produced hemoangioendotheliomas on injection into animals, which indicates that they originated from the vascular endothelium (1).
Interestingly, there was no stimulation of dermal fibroblasts, rather they were inhibited, or not affected, by the toxin. In addition to our observations, TaylorPapadimitriou et al. (23) have reported that cholera toxin reduced the growth rate of fibroblasts isolated from human mammary tissue, although it stimulated that of mammary epithelial cells. Hollenberg and Cuatrecasas (5) also have reported the inhibition of [3H]thymidine uptake in EGF-stimulated human fibroblasts by this toxin.
Cyclic AMP was induced markedly by cholera toxin in both epidermal keratinocytes and dermal fibroblasts, regardless of their growth response to the toxin, but the extent and time-course for induction in these two cell types differed. In epidermal cells, the increased amount of cyclic AMP seems to be related to the stimulation of cell growth. In dermal cells, however, there is no consistent relationship between the growth response and the content of cyclic AMP. The toxin induced cyclic AMP to equally well in HUSKI-8F cells whose growth was not affected by it and in HUSKI-10F cells whose growth was inhibited by it. Thus, the increase in intracellular cyclic AMP in response to cholera toxin varies, but the reason for this variation has yet to be determined. The toxin stimulated epidermal cell growth only when a few cells were plated, when cells from frozen stocks were cultured, and when cells were in the initial phase of the primary culture. This finding agrees with the observation that the toxin stimulates quiescent cells in the GO/G1 phase. Rozengurt et al. (21) reported that cholera toxin induces DNA synthesis in quiescent 3T3 cells synergistically with reduced concentrations of serum (2 to 4 %) and other growth factors. We have reported elsewhere that intracutaneous injections of cholera toxin at doses of more than 0.2 ng stimulate quiescent cells in mouse epidermis and result in epidermal hyperplasia after two successive synchronous divisions (10) .
The involvement of cyclic AMP in cell division also has been suggested by cell cycle analyses. In regenerating liver in vivo, an increased amount of cyclic AMP was found in the G1 phase of growth (14) . Wang et al. (24) found a peak in the amount of cyclic AMP accumulated before the DNA synthesis began in concanavalin A-stimulated mouse lymphocytes. Boynton and Whitfield (2) reported that a transient increase in cyclic AMP content was followed by DNA synthesis in liver epithelioid cells arrested in the GO/G1 phase. These results suggest that the increase in cyclic AMP is part of a series of events that initiate DNA synthesis in certain types of cells. The experimental system we have used provides an excellent model for the investigation of the role of cyclic nucleotides in the regulation of cell proliferation.
